We analyse spatiotemporal variations of crustal anisotropy along the Karadere-Düzce branch of the North Anatolian Fault from similar earthquakes in the aftershock regions of the 1999 M w 7.4İzmit and M w 7.1 Düzce earthquakes. The similar earthquake clusters are identified by performing cross-correlation on waveforms generated by ∼18 000 earthquakes. Depending on the applied similarity criterion, about 4-60 per cent of the events belong to similar event clusters. Splitting parameters averaged within each cluster show significant variations for slightly different ray paths, indicating strong spatial variations of crustal anisotropy in this area. We also find clear changes in the spatiotemporal seismicity patterns following the Düzce main shock. Large apparent co-seismic changes (up to 30 per cent) of shear wave splitting delay times are observed across the time of the Düzce main shock at stations near the epicentral region. However, the changes can be mostly explained by the spatial variations of ray paths due to the changing seismicity, rather than changes in the properties of the anisotropic medium. Splitting parameters measured within similar earthquake clusters indicate at most 2 per cent changes in delay times associated with the occurrence of the Düzce main shock. The results do not show systematic precursory changes before the Düzce main shock.
INTROD U C T I O N
Large crustal fault zones are associated with belts of damaged rock characterized by high crack density and different seismic properties from those of the surrounding host rock (Ben-Zion & Sammis 2003, and references therein). The spatial extent and material properties of the damaged fault zone (FZ) rock have important implications for many aspects of earthquake behaviour (e.g. Lyakhovsky et al. 2001; Scholz 2002) . One possible manifestation of damaged rock that has been used to infer FZ properties at depth is anisotropy due to preferential crack alignment parallel to the FZ structure (e.g. Leary et al. 1990 , and references therein). In such a case, seismic shear waves propagating inside the FZ are expected to split into two orthogonally polarized waves with different velocities. This phenomenon is analogous to optical birefringence and is termed shear wave splitting. Two routinely determined splitting parameters are the polarization direction of the fast wave (φ) and the delay time (δt) between the fast and slow waves.
Shear wave splitting has been claimed to provide an effective tool for detecting spatiotemporal variations of crustal anisotropy around active FZs, including monitoring the approaching times of major earthquakes (e.g. Crampin & Chastin 2003) . However, these claims are controversial. A number of studies report temporal changes of splitting parameters before (e.g. Crampin et al. 1990 Crampin et al. , 1991 Crampin et al. , 1999 Gao et al. 1998) , during (e.g. Saiga et al. 2003) and after (e.g. Tadokoro & Ando 2002) major earthquakes or swarms. However, other studies have observed no clear changes of crustal anisotropy near the epicentral regions of major earthquakes (e.g. Aster et al. 1990 Aster et al. , 1991 Savage et al. 1990; Munson et al. 1995; Cochran et al. 2003; Liu et al. 2004 .
Many of the previous studies on temporal changes of crustal anisotropy were based on analysis of waveforms with a mixture of ray paths sampling different regions of space. However, analysis results typically indicate large spatial variations in delay times (e.g. Vavryčuk 1993; Rabbel 1994 ) and fast directions (e.g. Zhang & Schwartz 1994; Tadokoro et al. 1999 ) within a given study area. Peng & Ben-Zion (2004) and Liu et al. (2004 have shown that spatial variations of anisotropy can be mapped erroneously into temporal changes. One effective way of separating spatial variations from temporal changes is to analyse shear wave splitting using clusters of similar earthquakes (e.g. Aster et al. 1990; Bokelmann & Harjes 2000) . Such earthquakes are located very close in space and they have nearly identical propagation paths to the recording stations (e.g. Poupinet et al. 1984; Nadeau et al. 1994) . In addition, they have similar focal mechanisms and generate similar initial polarizations of shear waves. Since shear waves with different initial polarizations are sensitive to different sets of anisotropy (e.g. Peng & Ben-Zion 2004) , it is important to use similar event clusters to remove spatial effects before searching for possible temporal changes of crustal anisotropy. Peng & Ben-Zion (2004) performed a systematic analysis of shear wave splitting along the Karadere-Düzce branch of the North Anatolian Fault (NAF) and found approximately 1 km broad zones around the surface traces of theİzmit and Düzce main shocks with fault-parallel cracks or shear fabric. The belt of anisotropic rock surrounds an approximately 100 m wide seismic FZ waveguide generating trapped waves and is confined primarily to the top 3-4 km of the upper crust. The results of Peng & Ben-Zion (2004) show large spatial variations of crustal anisotropy and suggest multiple mechanisms for the observed anisotropy in the area.
The present paper is a continuation of the work of Peng & Ben-Zion (2004) using similar earthquake clusters in the same data to perform a higher-resolution analysis of spatiotemporal variations of anisotropy. In the following sections, we first describe the methodology used to identify clusters of earthquakes with different degrees of similarity. We then combine the shear wave splitting measurements of Peng & Ben-Zion (2004) with the similar earth- Figure 1 . Hypocentral distribution of ∼18 000 earthquakes recorded by the PASSCAL seismic experiment along the Karadere-Düzce branch of the NAF. Aftershock locations are marked by small dots with colours denoting different depth ranges. The shaded background indicates topography with white being low and dark being high. The surface ruptures of theİzmit and Düzce earthquakes are indicated with thick blue and purple lines, respectively. Dark thin lines associated with earthquake information denote faults that were active during recent ruptures. Other dark thin lines are geologically inferred fault traces. Stations within, near and outside the FZ are shaded with dark, grey and white triangles, respectively. Grey squares denote locations of nearby cities. The inset illustrates the tectonic environment in northwestern Turkey with the box corresponding to our study area. Arrow vectors represent the plate deformation rate (Reilinger et al. 1997 ) from GPS data. Modified from Peng & Ben-Zion (2004). quake data obtained in this study and investigate the fine-scale spatial patterns and temporal changes of crustal anisotropy around the Karadere-Düzce branch of the NAF.
DATA
The analysis employs a large seismic waveform data set recorded by a temporary 10-station PASSCAL seismic network (Fig. 1) along and around the Karadere-Düzce branch of the NAF (Seeber et al. 2000; Ben-Zion et al. 2003) . The seismometers were deployed a week after the 1999 August 17 M w 7.4İzmit earthquake and operated for about 6 months. All 10 stations had REFTEK recorders and three-component L22 short-period sensors with a sampling frequency of 100 Hz. The temporary seismic network straddled the rupture zones of both theİzmit and the 1999 November 12 M w 7.1 Düzce main shocks and recorded about 26 000 earthquakes during its operational period. The event locations were obtained with standard HYPOINVERSE determinations (Klein 1978) and station corrections. The horizontal location errors are less than 1 km around the centre of the network and 1-2 km near the margins. The vertical errors are somewhat greater. In this study we focus on ∼18 000 earthquakes that are located within ∼20 km of the network and are recorded by at least three of the 10 stations. Additional details on the seismic experiment and data set are given by Seeber et al. (2000) and Ben-Zion et al. (2003) .
ANALYSIS PR O C E D U R E
To reduce the mixing of spatial and temporal effects in the data, we use clusters of similar earthquakes identified by performing crosscorrelation calculations (Aster & Scott 1993) . To reduce the calculation load, we restrict the waveform cross-correlation for event pairs with hypocentral separations ≤10 km. This value is several times larger than the location errors of the events. The cross-correlation is computed over a time window spanning 0.5 s before and 1.5 s after the P-wave arrival for the vertical-component seismogram, and 1 s before and 2 s after the S-wave arrival for the horizontal-component seismograms. Fig. 2 shows examples of north-component waveforms at station FP having different values of correlation coefficients (CC) with respect to the first waveform. Generally, waveforms with high CC values have similar shapes and are likely to be generated by earthquakes that have similar locations and focal mechanisms. Fig. 3 gives the distribution of the CC values and correlation lag times for all north-component waveform pairs recorded at station FP. Most CC values are distributed between 0.2 and 0.5, indicating that the corresponding waveform pairs are poorly correlated. However, a small percentage of CCs are distributed above 0.7, suggesting the existence of groups of events that generate similar waveforms. The wide spread of the lag times at high CCs indicates that the automatically picked P-and S-wave arrivals that are used for initial alignment of the waveform pairs are not self-consistent and accurate.
Next, we define a similarity measure (β) between two events using the median value of the P and S correlation coefficients at all the stations that recorded the examined pair of events. The median is chosen instead of the mean value since the mean is sensitive to outliers with very low CCs (Aster & Scott 1993) . Fig. 4 shows values of the median CCs versus hypocentral separations between pairs of events for the ∼18 000 earthquakes employed. Most median CC values are distributed between 0.2 and 0.5 even for event pairs with small hypocentral separations (e.g. <2 km), indicating that events with similar locations can generate quite different waveforms, possibly due to different focal mechanisms. On the other hand, the existence of high median CC values (e.g. >0.9) with large (e.g. >5 km) hypocentral separations suggests that the original hypocentral locations based on the HYPOINVERSE algorithm and station corrections may contain errors.
Finally we organize the earthquakes into clusters of similar events using an equivalency class (EC) algorithm (e.g. Press et al. 1986 ). The EC algorithm identifies pairs of events that satisfy a given similarity criterion (β ≥ β c ) and groups such pairs that share an event into similar earthquake clusters. For example, if event pairs (A, B) and (B, C) both satisfy the criterion, A, B and C will be grouped into one cluster, regardless of the similarity measure between A and C. In practice, we include an event pair in a cluster only if the waveforms of the pair were recorded by three or more stations.
The number and size of the obtained similar earthquake clusters vary depending on the similarity criterion β c . Fig. 5 illustrates that dependency for the ∼18 000 earthquakes. If the β c value is close to 1, the EC algorithm produces a small number of clusters with a small number of events in each cluster having highly similar waveforms. of events in each cluster. However, reducing the β c value below some level (e.g. <0.7) leads to the merging of two or more formerly separate clusters and a decease in the total number of clusters. For β c values between 0.95 and 0.70, approximately 4-60 per cent of the events in our data set belong to similar event clusters (Table 1) . The resulting percentage range is slightly higher than those from the aftershock sequence of the 1994 Northridge, California, earthquake (Shearer et al. 2003) and microearthquakes recorded by the Anza seismic network (Aster & Scott 1993) , but lower than the values from recent studies of seismicity at the Parkfield and other active strands of the San Andreas and other faults in central and northern California (e.g. Nadeau et al. 1995; Rubin et al. 1999; Schaff et al. 2002) . Such a comparison is qualitative, however, since the methods employed to identify similar event clusters in these studies are not exactly the same.
RESU LT S

Spatiotemporal evolutions of similar event clusters and seismicity
Figs 6 and 7 show locations of similar event clusters with similarity criteria β c = 0.95 and 0.70, respectively. The events with β c = 0.95 are likely to rupture the same patch of the fault repeatedly and are termed repeating earthquakes (e.g. Nadeau et al. 1995; Igarashi et al. 2003) . Lower β c values (e.g. 0.70) represent events that are located close to each other and have similar focal mechanisms, but may not rupture the same patch (e.g. Lees 1998; Shearer et al. 2003) . Since the obtained temporal variations of splitting parameters are very sensitive to changes of earthquake locations, we use clusters with β c = 0.70 only to investigate the fine-scale spatial patterns of crustal anisotropy. This similarity criterion is chosen because the number of similar event clusters with at least five events (nclust5) reaches its maximum at β c = 0.7 (Fig. 5) . A high-resolution analysis of temporal changes of crustal anisotropy is done using the tighter repeating earthquake clusters identified with β c = 0.95. Such a cut-off value represents a compromise between the need for highly repeatable sources and the need to have a reasonable number (nclust5 = 40) of clusters for the analysis. It is interesting to note that the similar event clusters with β c = 0.95 around the Düzce segment (cross-section BB') are distributed throughout the seismogenic zone, while clusters with β c = 0.95 along the ∼30 km Karadere segment (cross-sections AA and CC ) are confined primarily to the 12-15 km depth range near the bottom of the seismogenic zone.
The seismicity in our data set exhibits complex spatiotemporal evolution that can affect our inferences on changes of anisotropy and other material properties. The occurrence of the Düzce main shock produces changes of stress that are expected to increase the seismicity rate in some places and decrease it in others. Fig. 8 compares the seismicity rates in our data set before and after the Düzce main shock. The change in seismicity rate at time t over each grid cell of size 1.2 km × 1. β c is the similarity criterion, nclust is the total number of similar event clusters, nclust5 is the number of similar event clusters with at least five events, nev is the number of events belonging to similar event clusters, nev5 is the total number of events that are similar to at least five or more events, and the percentage is nev divided by the total events number. (Habermann 1983; Wiemer 2001) , with positive and negative numbers indicating decrease and increase in rate, respectively. It is seen that the seismicity rate increases around the east portion of the Düzce rupture zone and to the north of the west part of the main shock, while it decreases south of that part and further to the west. In Section 4.3, we present delay times between fast and slow shear waves derived from seismic records at various stations over about a 6-month period spanning the time of the Düzce main shock. It is clear from Fig. 8 that such data are associated with sources subjected to considerable spatiotemporal fluctuations and cannot be lumped in a careful study of temporal changes of anisotropy properties.
We therefore analyse in Section 4.4 temporal changes of anisotropy properties using repeating event clusters that sample closely similar propagation paths at different times.
Fine-scale spatial variations of anisotropy
Due to uncertainties in the shear wave splitting measurements, previous studies of crustal anisotropy often average splitting parameters based on source-receiver locations or spatial regions (e.g. Cochran et al. 2003; Peng & Ben-Zion 2004) . However, as shown in Fig. 4 , earthquakes from similar regions can generate dissimilar waveforms with different initial polarizations of shear waves (e.g. due to different focal mechanisms). Peng & Ben-Zion (2004) pointed out that shear waves with different initial polarizations may sample different sets of microcracks in a complex region, resulting in a scattered or bimodal distribution of splitting measurements. Thus averaging splitting measurements based solely on spatial regions may reduce the resolution of the obtained results.
A better way to group and present the splitting measurements is to average within each cluster splitting parameters that have similar waveforms, similar propagation paths and similar initial shear wave polarizations. To obtain a high-resolution spatial distribution of crustal anisotropy in our study area, we average the high-quality splitting parameters of Peng & Ben-Zion (2004) within each similar earthquake cluster having a similarity criterion β c = 0.70. We use the von Mises method to calculate the mean angle of the fast direction and a mean resultant length R (Davis 1986; Mardia & Jupp 2000; Cochran et al. 2003) . The parameter R gives a quantitative estimate of the variance of the directional data, with values near 0 and 1 indicating high scattering and clustering, respectively. In addition, we compute the standard error of the mean fast direction using the formula 1/ √ (κnR), where κ is the maximum likelihood estimate of the concentration parameter and n is the number of samples (Davis 1986) .
We select clusters that have four or more high-quality splitting measurements with standard error of the mean fast direction less than 10
• . We then present the average splitting parameters in the following two ways. First, the average splitting parameters for 9 of the employed 10 stations are plotted on top of the centroid location of each cluster (Fig. 9) . The results for station BU are not shown because we have only two clusters with more than four high-quality measurements at this station. For stations CH, FI, VO, FP and BV that are inside or within ∼1 km of the surface ruptures of theİzmit and Düzce main shocks, the dominant fast directions (φ values) are parallel or subparallel to the direction of the nearby fault strike. However, stations that are within theİzmit rupture zone (e.g. LS, MO and VO) generally have more scattered fast directions. The results show clearly that similar earthquake clusters with different ray paths produce quite different φ values. This observation indicates strong spatial variations of crustal anisotropy in this area.
Second, the average splitting parameters for nine clusters that have splitting parameters at four or more stations are plotted together on top of the recording station (Fig. 10) Peng & Ben-Zion (2004) found no clear dependency of splitting delay time δt with increasing depth or hypocentral distance for most stations, and concluded that the anisotropy is confined primarily to the top 3-4 km of the crust around the Karadere-Düzce faults. The observation of variable splitting parameters over short distances (e.g. several hundreds of metres) indicates that near-station fault structures play an important role in producing the shear wave splitting and further support the shallow anisotropy interpretation in our study area. For propagation paths inside the Almacik Block south of the Karadere segment (e.g. C01), stations LS, MO, FI and WF record similar splitting parameters, indicating a relatively uniform anisotropy within the block that is possibly caused by lithological properties (Peng & Ben-Zion 2004) .
In summary, splitting parameters for earthquakes within the same cluster are generally very similar at a given station (e.g. about 70 per cent of the clusters have R value ≥0.8 and the standard deviation of the average delay times of ≤0.03 s). However, different splitting parameters are observed for earthquake clusters that are located nearby, and for stations that are separated by several hundred metres. The overall spatial variations based on similar earthquakes are consistent with the results of Peng & Ben-Zion (2004) and confirm that multiple structures and mechanisms contribute to the observed crustal anisotropy in the area. The observation of large spatial variations of crustal anisotropy plays an important role in explaining the apparent temporal changes of splitting parameters in the following section.
Apparent temporal variation of anisotropy
Since our temporary seismic network straddles the rupture zones of both theİzmit and Düzce main shocks, many tens of thousands of waveforms were recorded during its 6-month operational period (Seeber et al. 2000; Ben-Zion et al. 2003) . This allows us to evaluate carefully the hypothesis that temporal changes of anisotropy are correlated with the time of a major earthquake (e.g. Crampin et al. 1999) . We first check the splitting results at station BV, which is very close to the hypocentral region of the Düzce main shock and inside its surface rupture zone. Fig. 11 compares the hypocentral locations and the high-quality splitting parameters of ∼700 earthquakes before and after the Düzce earthquake. There appears to be a 22 ms (∼30 per cent) increase in the average delay time δt and a ∼7
• rotation of the average fast direction φ at the time of the Düzce main shock. However, as shown in Fig. 11(a) , the source locations have also changed considerably. A shift of ∼7 km in the average hypocentral locations is observed before and after the Düzce main shock. Peng & Ben-Zion (2004) found that the average δt for station BV from ray paths along the ∼65
• north-dipping main shock rupture zone (Utkucu et al. 2003) are much larger than those from the south side of the fault. Thus, the observed apparent 30 per cent co-seismic change of splitting parameters is most probably caused by spatial variations associated with changes of event locations, rather than by temporal changes of the anisotropic medium. Studies attempting to detect temporal changes of anisotropy typically use five-point running average of the data (e.g. Crampin et al. 1999; Saiga et al. 2003) . Such a line in Fig. 11(b) suggests a slight increase of delay time δt about 2 weeks before the main shock. However, similar fluctuations are observed at other periods, and the more refined analysis in Section 4.4 with repeating events does not show a similar temporal change. Fig . 12 gives the temporal changes of delay times at eight other stations. Results for station GE are not shown since most of the east component waveforms before the Düzce main shock were not recorded properly. Changes of average delay times ranging from 1-10 per cent are observed before and after the Düzce main shock for these eight stations. However, the delay time measurements are scattered over large ranges (up to 0.3 s). As shown in the next section, co-seismic changes of splitting delay times within repeating event clusters are less than 2 per cent. Thus, the apparent co-seismic changes in Figs 11 and 12 are probably dominated by spatial variations of seismicity and corresponding changes of ray paths.
Fine-scale temporal variations of anisotropy
The results of Section 4.1 show that the occurrence of the Düzce earthquake significantly changes the spatiotemporal seismicity patterns along the Karadere-Düzce branch of the NAF. We also observe from the average splitting parameters within similar event clusters large spatial variations of crustal anisotropy in this area (Section 4.2). In Section 4.3, we show that the large spatial variations of anisotropy can be mapped into temporal variations by the changing seismicity. To examine more closely temporal variations of anisotropic properties, we now analyse splitting parameters generated by repeating event clusters with a high similarity criterion (β c = 0.95).
In general, there are two ways to estimate temporal variations of shear wave splitting delay times. The most common way is to first calculate the delay time δt between the fast and slow waves for each event and then compare the obtained delay times with a reference measurement. Fig. 13 shows splitting parameters measured from 10 earthquakes that belong to the repeating earthquake cluster C10. To obtain a subsample accuracy, we interpolate the waveforms from 100 samples to 10 000 samples per second using the SAC routine 'interpolate' (e.g. Niu et al. 2003) . The S-wave arrivals are realigned by matching the waveform to that of the first event. Fig. 13 an increase of ∼2.4 ms for the average delay times δt before and after the Düzce main shock, corresponding to a ∼1.3 per cent anisotropy change with an average δt value of 0.182 s. However, the differences of S-P times exhibit a similar pattern (Fig. 13a) , suggesting that the subtle change of the δt values could still be caused by spatial variations of the event locations. Another way to measure temporal changes of delay times is to start by calculating the relative time differences of the fast and slow waves separately as (δt)
, where t f and t s represent the traveltime of the fast and slow waves, respectively (Bokelmann & Harjes 2000) . Fig. 14 illustrates how we measure the relative time difference of the fast and slow waves recorded at station FP for the 10 events in cluster C10. We first rotate the two horizontal seismograms into fast and slow components using the average fast direction obtained in Fig. 13(c) . The use of the average direction is justified by the fact that the observed fast direction remains nearly constant for most similar event clusters (e.g. Fig. 13c ). Since both the origin time of an event and the absolute timing of a seismogram may contain errors that are larger than several milliseconds, seismograms are aligned by matching waveforms of the P phases to that of the first event. The relative time difference for each set of fast and slow shear waves from those of the first event are then calculated by waveform cross-correlation. The obtained high cross-correlation coefficients (≥0.98) indicate that the waveform shapes of the fast and slow waves for these events are nearly identical. In addition, the relative traveltime changes of the fast (t f ) and slow (t s ) waves (Figs 14c and d) are of the order of milliseconds and are nearly synchronized. After subtracting (t s ) − (t f ), the resulting relative delay times between the fast and slow waves are less than 1 ms, corresponding to a 0.4 per cent change of anisotropy at station FP along the propagation path associated with the employed cluster. Fig. 15 summarizes results from such analysis for four clusters at five stations that contain at least five high-quality splitting measurements. The changing trends of the fast (Fig. 15a) and slow ( Fig. 15b) waves are very similar, resulting in very small variations in the relative delay times (Fig. 15c) . As seen in Fig. 15(d time of fast and slow shear waves during the 6-month period of the study. These high-resolution observations do not show systematic changes of relative delay times before the Düzce main shock.
DISC U S S I O N
We perform a systematic high-resolution analysis of spatiotemporal variations of crustal anisotropy along and around the Delay times plotted against the earthquake occurrence times for eight stations. Grey and dark shades denote results for earthquakes before and after the Düzce earthquake, respectively. Other symbols and notations are the same as in Fig. 11 .
Karadere-Düzce branch of the NAF in the 6 months after the 1999 Izmit earthquake (Fig. 1) . A waveform cross-correlation technique (Aster & Scott 1993 ) is used to identify similar earthquake clusters in a data set of ∼18 000 events. Depending on the applied similarity criterion, approximately 4-60 per cent of the events belong to similar earthquake clusters (Figs 2-7 ; Table 1 ). The average splitting parameters generated by the events in each cluster indicate that the crustal anisotropy varies significantly over small changes in the earthquake and station locations (Figs 9 and 10 ). This result is compatible with our previous conclusion on a shallow anisotropy in this area (Peng & Ben-Zion 2004) . Apparent change of average delay times of up to 30 per cent are observed at stations near the epicentral region of the Düzce main shock (Figs 11 and 12 ). However, we also find strong changes in the seismicity pattern following the Düzce main shock (Figs 8 and 11a) . The large spatial variations of anisotropy can be mapped into apparent temporal changes through the changing seismicity. The analysis of splitting parameters measured within repeating earthquake clusters supports this interpretation, and puts an upper bound of ∼2 per cent change in the delay time associated with the Düzce main shock (Figs 13-15 ). Repeating event clusters with similarity criterion β c = 0.95 are used in a high-resolution examination of temporal changes of crustal anisotropy. Such a choice would reject earthquake pairs that could potentially produce large temporal variations of anisotropy parameters, resulting in a possible bias toward lower values of temporal changes. However, the mere existence of highly similar waveforms with β c = 0.95 near the hypocentral region of the Düzce main shock indicates that the temporal variations of splitting parameters cannot be large (e.g. Bokelmann & Harjes 2000; Liu et al. 2004 . On the other hand, the splitting parameters vary significantly for slight changes of propagation paths, indicating that the generating anisotropic structure is spatially heterogeneous and shallow. Mixing temporal with spatial variations of crustal anisotropy can be the main source of uncertainty in observational works and may result in artificially large apparent temporal changes. The use of repeating clusters with high similarity criteria can remove the dependence of the splitting parameters on spatial variations, and allow high-resolution examination of temporal changes within each cluster.
There is a long history of efforts to use temporal changes of observed crustal properties for earthquake forecasting (e.g. Scholz et al. 1973) . Analysis of shear wave splitting was proposed as an effective tool for obtaining such information (e.g. Gupta 1973; Crampin et al. 1990 Crampin et al. , 1991 Crampin et al. , 1999 Crampin et al. , 2004 Crampin & Gao 2005; Teanby et al. 2004) . However, these claims have been controversial (e.g. Ryall & Savage 1974; Aster et al. 1990 Aster et al. , 1991 ; Savage et Munson et al. 1995; Seher & Main 2004) . Liu et al. (2004 examined shear wave splitting in the aftershock region of the 1999 Chi-Chi earthquake using high-quality borehole seismic records. The results did not show a systematic evolution of splitting parameters that may provide reliable precursory information. Similarly, the high-resolution results of the present work do not show (Figs 14 and 15) systematic evolution of splitting parameters either before or after the Duzce main shock. The highly anisotropic, mechanically passive, shallow portion of the crust (e.g., the top 1-3 km) is likely to mask temporal variations of material properties near earthquake nucleation zones in the seismogenic portion of the crust. This may explain the observed lack of reliable precursory evolution of crustal anisotropy in this work, that of Liu et al. (2004 and other studies.
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